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571-97 TURBINE WITH 70-PEFCEXC-DESIGN S"0R AEXA 

By Harold J. Schum, Donald A. Petrash, and Elmer E. Davlson 

The effect of f i r s t - s ta tor   a rea  changes on the o v e r - d l  component 
performance of the 571-97 experimental  turbine is being  investigated. 
The performance of t h i s  turbine.equipped  with flrst-stahr areas nomi- 
nally 97 and 132 percent of design has been reported  previously. The 
performance of  this same turbine  with  the first-stator area reduced t'o 

blade  profiles is presented  herein and compared with that obtained  for 
the two previously  investigated  turbine  conffgurations. 

? 
E 
" 70 percent of design by reorienting  the  stagger angle of the  design 

The subject  turbine  with  the  70-percent  first-stator area obtained 
a maximum efficiency of 0.873 at 130 percent of equivalent design speed 
and an ewivalent  shaft  work of 43.5 B t u  per pound. This maximum ef'fi- 
ciency compaxes with 0.869 for   the 132-percent  turbine and 0.891 for 
the 97-percent turbine. A higher l e v e l  of work output wae obtained  with 
the 70-percent  turbine, however. The first s ta tor  of this turbine choked 
at and above a rat ing  totd-pressure  ra t io  of &aut 3.4 f o r  all speeds 
investigated at a weight flaw of 32.28 pounds per second. The first- 
stage  rotor also choked at the hub at a pressure  ratio of approximately 
4.2. A static-pressure ris'e (negative  reaction)  occurred &cross the hub 
of the  f irst-stage  rotor at the  eqydvdent  design  speed and over the en- 
t i re  range of rating  total-pressure  ratio  investigated. An approximately 
proportional weight-flaw  decrease was observed as the first-stage stator 
area was decreased from 95.6 t o  70 percent of desfgni an increase i n  
area from 95.6 t o  132 percent of design  resulted in less than a propor- 
tional  air-weight-flow change. From a compressor-turbine  match-point 
analysis,  based on the  experimental  data and an assumed mode of engfne 
operation  during which the compressor is maintained at constant  eqliv- 
d e n t  design  conditions,  the 70-percent-=ea turbine produced insuffi-  
cient work output to drive  the corupressor. 
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INTRODUCTION . 
As part of a general  study of high-work-output  low-blade-speed 

multistage  turbines,  the NACA Lewis laboratory is  currently  investigat- 
ing  the  effect of first-stage  stator adjustment on the   over-dl  component 
performance characteristics of the 571-97 experimental  three-stage tur- 
bine.  Results  for two turbine ConTigurations, one with a f i r s t - s ta tor  
throat  area of approxbately 97 percent of the  design  value and the  other 
with a fLrst-stator throat  mea of 132 percent of design, axe reported  in 
references 1 and 2, respectively. The increase in  first-stator throat 
area  resulted in approximately  a  13.6-percent increase  in  the choking 
equivalent weight flow and a decrease in   t he  maxirmun efficiency  obtained 
from 0.891to 0.869. 

In order t o  determine  the  effect on  over-all turbine performance of 
reducing  the  first-stage  stator  throat area of the  experimental  three- 
stage  turbine,  the  unit was modified by instal l ing a first-stage  stator 
wi th  a throat  area 70 percent that of design. This report  presents the 
over-all component performance of this modified turbine,  hereinafier 
called the J71-70 turbine o r  simply the 70-percent turbine.  This  turbine 
was investigated  similarly to the 97-percent and the 132-percent turbine R 

configurations,  with  equivalent  cold-air inlet conditions. The results 
for all three  turbine  configurations are compared herein. Also included 
is a discussion of compressor and turbine match-point characteristics for 
a pmticular mode of engine  operation. 

* 

SYMBOLS 

The following symbols are  used in  this report: 

E enthalpy drop based on torque measurements, Btu/lb 

g acceleration due t o  gravity, 32.174 ft /sec 2 

N rotational speed, rpm 

P pressure,  In. Hg abs 

p: 

R gas constant, 53.4 f't-lb/(lb) (OR) 

rating t o t a l  pressure, s t a t i c  presrmre plus  velocity  psessure 
corresponding t o  axial component of velocity,  in. Hg abs 

T temperature, OR 

W weight flow, lb/sec 

4 
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" L .: 

r - t weight-flow  parameter based on product of equivalent  weight 
f l o w  and equivalent ro tor  speed 

Y r a t io  of specific  heats 

6 r a t i o  of inlet-air pressure  to  NACA standard  sea-level  preseure, 
p6/29.92 in. Hg abs 

& function of y, - YSZ 

r e  
Y 

9 
6 'li 

Y x, 7 

brake  internal  efficiency,  ratio of actual  turbine work based 
on torque measurements to   ideal   turbine work based on i n l e t  
total   pressure p6 and out le t   ra t ing t o t a l  pressure  p* 

ecr squared r a t i o  -of critical velocity at NACA standard  sea-level 
2Y 

temperature of 518.7' R, 
*SZ 

Ysz + 1 m s z  

2 torque, f t -1b 

Subscripts : 

e  engine  operating  conditions 

SZ NACA standard sea-level conditions 

X axial 

0, L 2 ,  
3,4,5, measuring stations  (see fig. 2) 

P 6,7 

Superscript: 

t t o t a l  or stagnation state * 
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A F F " S  Amb IDSTfEuMEDTTATION - 

The investigation of the 70-percent turbine was conducted wi th  the 
same turbine  tes t  fac i l i ty  and instal la t ion as were used .for the 97 - 
percent and 132-percent turbines  (refe. 1 Eand 2).  A photograph of the 
over-all  setup i s  presented i n  figure.1. For this inveetigation  the 
first-stage stator of the  experimental 51ii97 three-stags  turbine. is is^ -- . -  .- ."" 

replaced  with one having a s ta tor  Lhroat area 70 percent-that of  design. 
This change i n  area w a ~  effected  in  the  same-iknner-as  was-used to   ob ta in  IP 
the  132-percent-area first stator; t h a t  is, the  staggerangle of the de- 
sign  blade  profiles w a s  oriented t o  the  angle  required t o  resul t  in the 
desired  throat  area. For the 70.-percent tubine  investigated  herein,   the 

f i r s t - s ta tor  chord angle was increased  approximately % from axial  and 

from the  design  setting. T h i s  change  compares with some 9~ decrease In 
the design blade-cllord  angle for  the 132-percent  turbine (ref. 2 ) .  

. . . . . . . 
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A schematic diagram of  the.turbine  sharing  axial and circumferential 
locations of the  instrumentation is  presented in   f igure  2. B r i e f l y ,  meas- IC 

urements of total .  pressure, wall static  pressure, and total temperature 
were taken at the turbine  inlet   (station 0) and at the  turbine  outlet 
(station 7). In  addition, wall s ta t ic   t aps  were instal led ahead of each 
row of blades. 

- 

The turbine w a s  operated  with a nominsl measured inlet  pressure 26 
of 35 Fnches of mercury &solute and an i n l e t  temperature !I?& of 7OO0 R 

fo r  equivalent  speeds of 20, 40, 60, 70, 80, 90, 100, 110, 120, and 130 
percent of the  equivalent  design speed N/&. A range of rating 
total-pressure r a t i o  p&/ps from 1.4 t o  6.4 w a s  investigated. The 

method used t o  convert  turbine  test  conditions t o  equivalent  operating 
conditions  based on NACA standard  sea-level  conditions (29.92 in. Hg abs 
and 518.7' R) is given in  reference 3. Both the  equivalent work output 
E/QC, and brake  internal  efficiency vi values presented  herein axe 
based on measured values of torque, weight flow, and speed. The equlva- 

x, 7 

W O E  lent weight  flow - c has been corrected  for  the  fuel  addition  re- 6 
quired t o  maintain a turbine-inlet  temperature T(,  of about 700' R. 

The brake  internal  efficiency is based on the calculated  turbine- 
outlet pressure This ca;l-culated value of turblne-outlet t o t a l  
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pressure  charges  the  turbine f o r  the energy of  the  tangential  component 
of  velocity. The outlet  total. pressure x&s calculated from the energy 
equation and continuity by using  the known annulus area at the measuring 
station and the measured values of weight flow, s ta t ic   pressure;   to ta l  
pressure, and t o t a l  temperature. 

I 

Based on a mode of engine  operation  in which the compressor w a s  as- 
sumed t o  operate at constant  design  equivalent  conditions, a turbine 
match-point analysis yas evolved f o r  the  132-percent-area  turbine i n  ref- 
erence 2. The calculations  required  for  this  analysis w e r e  extended 
somewhat for  the  subject 70-percent  turbine, and the  match-point  perform- 
ance characteristics of  this turbine are compared with  those of the  97- 
percent  turbine (ref. I) and the 132-percent  turbine  (ref. 2). 

Over -All Performance 

" Figure 3 presents t h e  over-all performance of the  70-percent 
turbine as a plot of equivalent  shaft work E/BCr as a function of the 
flow  parameter (wN/606)E f o r  constant  values of equivalent r o t o r  speed 
E/< and rating  total-pressure r a t i o  pup:,7. Also shown are con- 
tours of constant  values of brake  internal  efficiency qi, calculated 
from the observed  torque  readings and the  rating  total-pressure  ratios. 
Comparison of this turbine performance map (fig. 3) with  those  for  the 
97-percent turbine  (ref. I> and 132-percent  turbine  (ref. 2)  shows that 
a considerably  higher l e v e l  of equivalent  shaft work w a s  available  with 
the 70-percent turbine. The l a a x b u n  efficiency  obtained w a s  0.873, oc- 
curring at 130 percent of  equivalent design speed  and a turbine work aut- 
put of 43.5 Btu per pound. This maximum efficiency compares closely  with 
0.869 f o r  the 132-percent turbine (ref. 2)  and 0.891 for   the 97-percent 
turbine  (ref. 1) . 

- 

, - -  

The vaziation of equivalent  torque  with over -d l '  ra t ing  total-  
pressure  ratio f o r  the various equivalent  rotor speeds investigated is 
presented i n  figure 4. For all speeds, the  equivalent  torque  continually 
increased  as  the  over-all  pressure ratio increased,  indicating  that &- 
i t i ng  loading was not  attained  within  the  range of pressure  ra t io  *os& 
across  the  turbine. The same conditions  prevail4  in  the  investigations 
of references 1 and 2. The pressure-ratio  range .for all three  turbines 
was l imi tedby  the   a i r  and exhaust faci l i t ies   avai lable  t o  the  turbine. 
From the  slope of the  torque m v e s  (fig. 4), however, it can  be  noted 
that, at the  higher speeds  and pressure  ratios,  only a slight increase 
i n  torque would r e s u l t   i f  higher  pressure  ratios had been available. 
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Choking Characteristics 
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W d G  The vmiation of the equivalent weight flow 8 with over- 

all rating  total-pressure r a t i o  for   the  70-percent twbFne i s  presented 
i n  figure 5 for the various  equivalent  rotor speeds investigated. These 
data show that the  f i rs t -s tage  s ta tor  is choked at and above a pressure 
r a t i o  af about 3.4, because a constant  equivalent weight flow was ob- 
tained f o r  all rotor speeds. The  -observed choking value of equivalent 
weight f low was 32.28 pounds per second. T h i s  .choXng  equivalent weight Q 4 

flow f o r  the 70-percent turbine. is shown i n  figure 6, d o n g  with the cor- 
respondin@; first-stator  throat.a;rea. If the first s t a t o r  controls the 
weight flow through the  turbine,  then  the choking  equivalent weight flow 
should increase  prqortionately  with an increase i n  s ta tor   throat  area, 
assuming tha t  no change i n  flow coe9ficient8.occure. This choking-flaw 
reJstionship is shown i n  figure 6 as a straight line constructed through 
the  data point  obtained for the 70-percent turbine. Also shown i n  fig- 
ure 6 are the  experimental  ranges of choking w e i g h t  fl& for  the 97- 
percent  turbine  (ref. 1) and the 132-percent turbine (ref. 21, plotted 
against their  measured first-stator  throat  areas.  It should be stated 
that the 97-percent turbine was fabricated with stator  areas nominally 
97 percent of their. .lesign vab+es. However, 'because of manufacturing 
tolerances, t h i s  f i r s t - s t a to r  area was actually 95.6 percent that of de- - 
sign. In both  the 97-percent and the 132-percent turbine configmatione, 
choking occurred downstream of the first s ta tor ,   resul t ing  in  a range of 
choking equivalent weight flows with speed as s h m   i n  figure 6. It w i l l  
be noted, however, tha t ,  even though the first s ta tor  did not choke f o r  
the 97-percent turbine,  the  range of weight  flow approached the  theoret- 
ical  equivalept weight f l o w  tha t  w o u l d  resul t  i.f the f i rs t  s ta tor  were 
choked. This indicates that the first  s ta to r  af the 97-percent turbine 
was very nearly choked. That the choking weight-flow  range f o r  the 132- 
percent turbine was  far removed from the   f i r s t - s ta tor  choking curve in- 
dicates that some downstream blade row controlled the weight f l o w  through 
the turbine. These data indicate an approxfmately proportional weight- 
flow increase as the f i rs t -s tage stator area was  increased from 70 t o  
95.6 percent of design; a further increase  in area from  95.6 to 132 per- 
cent of design  resulted  in  less  than a proportiotial  air-weight-flow 
change. 

- 

As stated  previously,  the first s ta tor  w a s  choked over most of the 
pressure-ratio  range  investigated. It was considered of interest ,  then, 
t o  determine whether any other  blade row or . . rms a lso  choked. According- 
ly, the arithmetic  averages of the  hub s t a t i c  pressures at each measur- 
ing  station  for all measuring stations are presented Xn figure 7 for a 
range of over-- rating  total-pressure  ratio a t  the  equivalent design 
speed. These static pressur&wde  divided  by'the inlet total   pressure 
p; i n  order t o  eliminate  the small inlet total-pressure  variations en- * 

countered in  the  tests. A blade row is choked when the s t a t i c  press-&e 

.. 
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- at the  inlet  t o  a particular  blade row remains  constant  while  the  static 
pressure  at  the  outlet of the same blade row decreases as t h e  over-al l  
rating  total-pressure r a t i o  across  the  turbine is increased.  In  addition 
to the choking of t h e   f i r s t  stator, as discussed previously, figure 7 
indicates  the first rotor  also chokes at a rating  pressure r a t i o  of  about 
4.2, since  the  static  pressure at measuring s ta t ion 2 (upstream of the 
f i r s t  r o t o r )  is  constant, whereas a t   s t a t ion  3 (downstream of the  first 
ro tor )  the  static  pressure  continually  decreases  until a pressure r a t i o  
of about 5.7 is reached. It w i l l  be noted tha t  all. measuring stations 
have a zero slope at and above this pressure ra t io ,  except for   s ta t ion 7, 
which shows a continued  static-pressure  decrease. 'This indicates  the 
th i rd  r o t o r  choked at a turbine  rating  pressure  ratia of about 5.7. It 
is conceivable that intermediate blade rows choke- simultaneously with the  
third  rotor,   but  this cannot be  definitely  established from s ta t ic -  
pressure  plots such as figure 7. 

Examination of figure 7 shows the hub s ta t ic-   to   total -pressure r a t i o  
at measuring s ta t ion 2 (downstream of  the first stator)  obtafned a con- 
stant value of 0.34 at a rating  total-pressure  ratio of about 4.2 and 
above. This value of s ta t ic -  t o  total-pressure r a t i o  corresponds t o  an 
absolute Mach  number of  1.34, assuming no total-pressure drop across  the 
stator, compared with the  design Mach nuniber of 0.767. Figure 7 also 
reveals a static-pressure rise (negative  reaction)  across  the hub of the  
f i rs t - rotor  row of blades over the  entire  range of over-all   rating  total-  
pressure  ratio  investigated. 

Matching Characteristics 

Changes in f i r s t - s ta tor  area r e su l t   i n  changes in the  turbine weight 
flow, as shown in figure 6; hence, engine  operating  conditions are also 
changed. In reference 2, the  turbine matching requirements were calcu- 
la ted  for  an engine mode of  operation  during which the compressor is 
d n t a i n e d  at constant  equivalent  design  conditions. With these  require- 
ments known, the  experimentd performance results for the 132-percent 
turbine were used t o  determine i t s  experimental match point. In addi- 
tion,  the  experimental match point of the 97-percent turbine was also 
determined. Comparison of  the  efficiency  values f o r  these two turbine 
configurations at their  respective  experimental match points  indicated 
that  the  efficiency  decreased  only I point, from 0.87 t o  0.86, as the 
first-stator area was  increased. Both of these  efficiency  values w e r e  
in  the  high-efficiency  regions of their  respective  turbine performance 
maps (refs. 1 and 2) .  

In order t o  determine the  corresponding  experimental match point f o r  
the 70-percent turbine,  the  calculations and curves of reference 2 were 
extended. The turbine match point w a s  then  determined, again based on a 
mode of engine operation  during which the  conpressor w a s  maintained at 
constant  equivalent  design  conditions. These resul ts   are  shown i n   f i g -  
ure 8. 
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In  determining the  turbine match point f o r  the 70-percent turbine, 

it w a s  found tha t  the equllvalent  design  torque I3204 ft-lb) was not ob- 
tained a t  any equivalent  speed above- 100 percent ,(see fig; ' 4 ) .  .. -As a 
result ,  no match point f o r  the  turbine cOU6 be.-gLt+~ed. 6uch tha t   the  
compressor could  be  operated at i t s  equideut"GZign cCS;Hdltions.- HoCl 
ever, it w a s  considered of int.erest t o  &termine what the  turbine equiv- 
alent work output  should have been fo r  the choking equivalent weight flow 
obtained, and t o  ampare this required work output  with  the  actual work 
obtained in the  tests. Therefore, the choked weSght flow was superimposed 
on figure 8. The turbing match-point equivalent speed, then, would be 8 4 

124.9 percent that of design.  Simultaneously, the equivalent weight flow 
corresponds to an engine  temperature r a t i o  of 2 1 - 6 7 "  and iin equivalent- 
shaft-work  requirement of -50.38 Btu per pound. From the tests of  the. 70- 
percent  turbine,  the maximum equivalent uor1"obtained was only 44 .S Btu 
per pound (fig. 31, and t h i s  was obtained at a rating  total-pressure 
r a t i o  of 6.4 and at-130 percent of the  equivalent  design speed. 

- 
" 

It is  obvious, then, that this turbine  with  the  f irst-stator area 
reduced t o  70 percent of design cannot drive  the compressor at constant 
equivalent  design  conditions.. However, it might s t i l l  be co'nsidered 
desirable t o  operate  the  turbine  in this manner, because i t 6  maxim ef- 
f i c i e n q  (0.873) is s t i l l  wite high and because added f l e x i b i l i t y   i n  
the mode of engine  operation  could  be  obtained. 

- 
.- 

. . .. 
b 

From a cold-ais investigation of the experimental 571-97 three- 
stage  turbine  with  the  first-stage  stator area reduced t o  70 percent of 
design by reorienting the stagger angle of the -design  blade  profiles, 

. the  following  results were obtained: 

1. The maximum brake  internal  efficiency  obtained w a s  0.873, occur- 
r ing   a t  130 percent of equivalent  design speed and an equivalent-shaft- 
work output of  43.5 Btu per pound. This efliciency conipares closely KLth 
the  previously  obtained maximum efficiencies of 0.869 f o r  the 132-percent 
turbine and 0.891 f o r  the 97-percent turbine. 

2. A higher  level of  .equivalent shaft work was available with the 
70-percent turbine than with  the 97-percent  and the 132-percent turbines. 

3. Limiting  blade loading was not reached  over the range of coudi- 
tions  investigated,  but it w a s  closely approached at the  higher speeds 
and rating  total-pressure ratios. - 

4. The f i rs t -s tage  s ta tor  choked a t  and above a pressure  ratio of 
about 3.4 for  a l l  speeds investigated. A t  the  equivalent  design speed, 
the first rotor choked at the hub at a 'pressure ratio of approximately 

. 
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4 4.2, and the  third  rotor  appeared. t o  choke at a pressure  ratio of about 
5.7. The choking equivalent  weight flow was  32.28  pounds per second. 

5. An approximately  proportional  weight-flow  decrease w a s  observed 
as the   f i r s t - s ta tor  area was decreased from 95.6-to 70 percent of design; 
an increase  in  mea from 95.6 t o  132 percent of design resulted i n  less 
than a proportional.  air-weight-flow change. 

PC 
u3 
0 
d! 

6. A static-pressure rise (negative  reaction)  occurred  across  the 
hub of the  first rotor  at the  equivalent design speed and over the  entire 
range of rating  total-pressure  ratio  investigated.  

7. From a turbine match-point analysis,  based on the  experimental 
data and an assumed engine mode of operation during which the  compressor 
is  maintained at constant  equivalent design conditions,  insufficient tur- 
bine work output was developed t o  drive the  compressor. 

Lewis Flight  Propulsion  Laboratory 

Y- 
E 

National  Advisory Committee for Aeronautics 
Cleveland-,  Ohio, February 27, 1956 

- 
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Figure 1. - Inatallation of srperimbntal t h r m - s t a p  +arb- in Pull-scale turbine-oomponent 
test facility. 
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Plgu~r 4 .  - Variatlon of aqulvalent torque with over-all rating total-preseure ratio for values of constant 
m i v a l e n t  rotor speed. 
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II 

First-stator area, sq in. 

F‘igure 6. - Variation of choking equivalent weight flaw with first-stator throat area 
for  571 turbine configurations. 
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